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Under Mediterranean climates, the best strategy to produce rain-fed fodder crops is
to develop perennial drought resistant varieties. Summer dormancy present in native
germplasm has been shown to confer a high level of survival under severe drought.
Nevertheless it has also been shown to be negatively correlated with annual biomass
productivity. The aim of this study was to analyze the correlations between summer
dormancy and annual biomass productivity related traits and to identify quantitative
trait loci (QTL) for these traits in a progeny of a summer dormant cocksfoot parent
(Kasbah) and a summer active parent (Medly). A total of 283 offspring and the parents
were phenotyped for summer dormancy, plant growth rate (PGR) and heading date
in Morocco and for maximum leaf elongation rate (LERm) in France. The individuals
were genotyped with a total of 325 markers including 59 AFLP, 64 SSR, and 202 DArT
markers. The offspring exhibited a large quantitative variation for all measured traits.
Summer dormancy showed a negative correlation with both PGR (−0.34 p < 0.005)
and LERm (−0.27 p < 0.005). However, genotypes with both a high level of summer
dormancy and a high level of PGR were detected in the progeny. One genetic map
per parent was built with a total length of 377 and 423 cM for Kasbah and Medly,
respectively. Both different and co-localized QTL for summer dormancy and PGR were
identified. These results demonstrate that it should be possible to create summer
dormant cocksfoot varieties with a high annual biomass productivity.
Keywords: forage, cocksfoot, orchard grass, drought stress, QTL, auto-tetraploid
INTRODUCTION
In the context of global climate change, the frequency and intensity of summer droughts are
predicted to increase and therefore the areas underMediterranean-like climates may extend (IPCC,
2014). In these harsher environments, the best strategy to produce rain-fed fodder crops is to create
perennial drought resistant varieties suitable for large areas including semi-arid regions (Volaire
et al., 2013; Malinowski and Pinchak, 2015).
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Native germplasm of perennial grasses such as cocksfoot
(Dactylis glomerata L.) and tall fescue (Festuca arundinacea subsp
arundinaceae Schreb.), which are the most grown perennial
forage species in semi-arid environments (Sleper andWest, 1996;
Reed et al., 1999; Nie et al., 2004, 2008), combine signiﬁcant
winter growth with high summer drought tolerance (Lelievre and
Volaire, 2009). Recent studies conﬁrmed that adapted material
could be found both for tall fescue (Pecetti et al., 2011) and
cocksfoot (Annicchiarico et al., 2011) within Mediterranean
plant material evaluated across a set of drought-prone locations
of the Mediterranean basin. Under the Mediterranean climate,
perennial grasses can cope with drought and heat through
diﬀerent adaptive strategies. These go from resistance to
moderate drought with growth maintenance to survival under
severe stress with growth cessation (Volaire et al., 2014). In
addition, since summer droughts are chronic in Mediterranean
areas, some perennial herbaceous species exhibit a strategy of
summer dormancy independent from stress (Volaire andNorton,
2006).
In some grass species, summer dormancy confers the
endogenous ability to cease aerial growth and to senesce
irrespectively of water supply in summer (Volaire and Norton,
2006). The environmental factors that trigger summer dormancy
are not completely elucidated but summer dormancy is induced
under increasing photoperiod and temperature conditions
(Volaire and Norton, 2006). Under summer irrigation, summer
dormancy can be either complete when leaf growth is stopped
for a few weeks and most mature aerial biomass senesces, or
incomplete when leaf growth is markedly reduced but without
dehydration of aerial tissues (Volaire and Norton, 2006).
Summer dormancy is a valuable strategy associated with
increased drought tolerance and persistence in perennial grasses
(Hopkins and Bhamidimarri, 2009). It has been reported
that summer dormancy, whether complete or incomplete, is
associated with superior survival and autumn regrowth after
severe and repeated summer drought (Volaire and Norton,
2006; Shaimi et al., 2009b), in cocksfoot (Norton et al., 2006a),
tall fescue (Norton et al., 2006b), and phalaris (Culvenor and
Boschma, 2005).
Nevertheless, complete summer dormancy has been shown to
be associated with low annual productivity in natural populations
(Norton et al., 2008; Shaimi et al., 2009a). It is not known if
this negative correlation is due to the fact that the two traits are
controlled by the same genes or highly linked genes leading to a
physiological trade-oﬀ, or to the fact that both traits responded
to natural selection in opposite directions. In the latter case,
it should be possible to break this correlation and to create
improved plant material combining acceptable levels of summer
dormancy and high productivity in rainy seasons. A better
knowledge in the genetic and eco-physiological determinisms
of both summer dormancy and annual productivity is needed
to evaluate the possibility of genetic progress for adaptation of
perennial herbaceous forage species to semi-arid areas.
Dactylis glomerata L. is an auto-tetraploid species (4x = 28)
for which molecular genetic studies are laborious (Hackett et al.,
1998). Some simple sequence repeat (SSR) markers have been
developed (Bushman et al., 2011; Hirata et al., 2011) but the
genomic sequence is not available. Very few genetic maps (Song
et al., 2011; Xie et al., 2012b) and only one quantitative trait loci
(QTL) study on heading date (HD; Xie et al., 2012a) have been
published.
The objectives of this research are for the ﬁrst time (i) to
analyze the genetic correlations between summer dormancy
and biomass productivity in spring and autumn and (ii) to
identify QTL for these traits through the analysis of a progeny
obtained by crossing a summer dormant cocksfoot exhibiting
low annual biomass productivity and a productive summer
active cocksfoot. This study was carried out in two sites
with contrasting environments: the Mediterranean and Oceanic
climates respectively.
MATERIALS AND METHODS
Plant Material
A cross between two genotypes of D. glomerata L. (cocksfoot),
one from the summer dormant cultivar ‘Kasbah’ from Morocco
and bred in Australia (Oram, 1990) and one from the summer
active Mediterranean cultivar ‘Medly,’ was performed in 2009.
Medly is of Mediterranean origin and was bred in the south of
France (Volaire, 2002). Kasbah is less productive than Medly
but more tolerant to severe drought (Annicchiarico et al., 2011;
Lelievre et al., 2011). The two plants were cloned and grown in a
ﬁeld in Morocco and were well irrigated until their reproductive
maturity. At heading stage, plants were covered by pollen-proof
cages and crossings were completed without castration. A wood
stick was used every day to shake the plants and thus enhance
pollination. At maturity, seeds were harvested from both parents.
About 300 seeds from each parent were germinated in Petri
dishes and were transplanted into pots. The oﬀspring status
was checked on 285 plants by using ampliﬁed fragment length
polymorphism (AFLP) markers (Vos et al., 1995), thus leading to
discarding only two plants. Finally, the experiment was carried
out with 283 oﬀspring: 185 from Kasbah as a mother and 98
from Medly as a mother. All oﬀspring and both parents were
cloned to provide genetically identical plants for the experiments
that were carried out both in the ﬁeld in Rabat (Morocco) and
in glasshouse in Lusignan (France). A plant from a temperate
cultivar of cocksfoot (Ludac) was used as a non-summer dormant
and non-Mediterranean control genotype. Ludac was chosen for
its high biomass productivity in temperate and wet areas.
Field Experiment in Morocco
Three clones of each of the 283 oﬀspring, the two parents
and Ludac were transplanted at the two tiller stage in the
ﬁeld on February 2011 at the Guich experimental station of
INRA, Rabat/Morocco (34◦03′N, 06◦46′W). All oﬀspring were
transplanted as spaced plants with 100 cm between plants and
rows. The experimental design was a completely randomized
three block design. The soil was a mixed, thermic Lamellic
Xeropsamments in the USDA classiﬁcation (pH 6.8 and organic
matter content 1.2%) without depth limitation for root growth
and was fertilized with 28 kg/ha of N, 56 kg/ha of P, and 28 kg/ha
of K before planting. Nitrogen was provided after each harvest
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(40 kg/ha of N). The plants were maintained weed free mainly by
hand weeding and by covering the soil with a white plastic sheet
around the plants. The trial was irrigated to maintain optimum
water supply. A cut with a mower was performed in May 2011.
All measurements were made on each of the 858 plants. In
2012, after a hand cut (at a 5 cm height) performed on the 31st
of January, stretched plant height was measured weekly during
6 weeks. These series of data on each plant were used to estimate
the plant growth rate (PGR) during the linear phase of re-growth
by ﬁtting a linear curve between the plant height in mm and the
thermal time (base temperature equal zero) in degree days (◦Cd).
PGR on spaced plant is correlated to leaf elongation rate which
is correlated to forage yield in sward (Rhodes, 1969, 1971, 1973;
Horst et al., 1978). HD was assessed every 2–3 days from end
of February to beginning of April and was deﬁned by the date
when three spikes were visible (days from the ﬁrst of January).
HD is an important trait used to characterize cultivars in order
to determine in which environmental conditions they are the
most favorable. Summer dormancy (Dorm) was estimated by a
scoring of herbage senescence (visual scoring with 0 = all tissues
are green and 100 = no visible green tissues) at the beginning
of the summer, on the 16th of July, under irrigation (Norton
et al., 2008). Summer dormancy is correlated to severe drought
resistance (Hopkins and Bhamidimarri, 2009).
Glasshouse Experiment in France
Phenotyping of leaf growth was performed on three clones for
each of the 283 oﬀspring, the parents and Ludac according
to Auzanneau et al. (2011), at Lusignan (46◦24′16.1′′N;
00◦04′44.9′′E), France. Three clones per genotype, obtained from
the same plants as in Morocco, were installed on the 14th of
September 2011 in trays with 15 cm of peat on a 2 cm layer
of sand. The experimental design was a completely randomized
three block design. After 3 weeks of growth, on the 10th of
October, the plants were cut at a 5 cm height and leaf length
measurements were carried out three times weekly on the third
and fourth entire leaves after emergence from the 26th of October
to the 12th of December. Maximum leaf elongation rate (LERm)
was estimated by ﬁtting leaf length in mm and thermal time in
◦Cd with a beta function. For each plant with a good ﬁtting for
both leaves, the average of LERm between the third and fourth
entire leaves was used for further analysis. LERm has been proved
to be the main factor aﬀecting forage yield in sward (Rhodes,
1969, 1971; Horst et al., 1978; Reeder et al., 1984). Moreover,
selection on LERm or leaf length measured on spaced plants
modiﬁes the forage yield in dense canopies (Rhodes and Mee,
1980; Hazard, 1996; Hazard and Ghesquière, 1997).
Genotyping
For each genotype, i.e., the parents and their oﬀspring, DNA
was extracted from 50 mg of fresh leaves dried in silica gel
with the the same protocol as in Pauly et al. (2012), i.e., CTAB
(hexadecyltrimethylammonium bromide) lysis followed by
chloroform octanol. The 283 oﬀspring and the two parents were
genotyped with a total of 325 markers, including 59 AFLP, 64
SSR, and 202 Diversity Array Technology (DArT) markers.
The SSR primers were from Bushman et al. (2011). AFLP
and SSR markers were obtained at INRA-URP3F, Lusignan,
France, following the same protocol as described in Pauly
et al. (2012). AFLP markers and SSR alleles were scored as
presence/absence. DArTmarkers were obtained on the La Valette
campus CIRAD platform of genotyping, under the supervision
of Pierre Mournet (pierre.mournet@cirad.fr), following the
same protocol as described in Phung et al. (2014). The library
of cocksfoot DNA fragments was based on 10 varieties and
22 ecotypes with one individual per population (Ghesquière
et al., 2012; Ghesquiére, 2013). Individuals, arranged in three
96 well plates were genotyped. The scoring was performed
for each plate separately based on the TargetRatioMed
corresponding to the ratio of ﬂuorescence between the
sample and a control. The Mclust R package http://cran.r-
project.org/web/packages/mclust/index.html was used to cluster
individuals into two groups. Individuals with a probability
higher than 0.75 of belonging to one group were scored 1 if they
belonged to the group with the highest values of TargetRatioMed
or 0 if they belonged to the group with the lowest values
of TargetRatioMed. All the other individuals were scored as
missing data. If the number of missing data was higher than
20%, the marker was discarded. For each remaining marker,
the three histograms of the TargetRatioMed corresponding
to the three plates were drawn and checked manually for the
presence of two distinct modes. Finally, based on replicated
genotypes, markers with repeatability lower than 80% were
discarded.
Statistical Analysis
For each trait, genotypes with two missing data or outliers
were omitted leading to 199 studied genotypes for LERm and
183 studied genotypes for PGR, HD, and Dorm. A variance
analysis was performed on the oﬀspring for each trait with
block as ﬁxed eﬀect and genotype as random eﬀect [PROC
GLM of (SAS Institute, 2011)]. In this procedure, the adjusted
least square means were calculated per genotype for each trait
with LSMEANS. The error and genotype variances (σ2error and
σ2geno, respectively) were estimated using the SAS Varcomp
procedure. Broad sense heritability (H2) was calculated as
H2 = σ2geno/(σ2geno + σ2error/3). The basic statistics (average,
maximum, minimum, standard deviation, normality with the
Shapiro–Wilk test, Pearson’s correlation) and graphics based
on adjusted means were performed using Statistica (StatSoft,
2003).
The genetic maps were built with the genotypic data from
the two parents and the oﬀspring using the TetraploidMap
software, following the manual guide instructions (Hackett and
Luo, 2003). Only markers with a segregation not signiﬁcantly
diﬀerent from 1:1 (simplex) or 1:5 (duplex) or 1:3 (double
simplex) with p < 0.05 were included in the analysis. For the
clustering step, each allele of multi-allelic markers was scored as
presence/absence. Based on the clustering (dendogram), seven
linkage groups (LGs) were established for each parent. LOD
score (logarithm of the odds) ≥ 3.0, i.e., the probability that two
loci are linked is 1000 times higher than the probability that
they are not linked and recombination frequencies < 0.5 were
used as thresholds to detect genetic linkage. Marker ordering
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within LGs was performed by using the four options proposed
by TetraploidMap: 1/ two-point linkage analysis, 2/ initial-run
‘custom’ marker ordering, 3/ ripple ordering, and 4/ simulated
annealing ordering. A consensus map has been built with the
consensus map creation (ConsMap) analysis of the software
BiomercatorV4 (Sosnowski et al., 2012).
Quantitative trait loci identiﬁcation was performed by
variance analysis (PROC GLM of SAS) for each marker. Markers
with a signiﬁcant eﬀect (p-value < 0.01) were retained. For each
parent, a multiple linear regression with the stepwise option
(PROC REG of SAS) was performed with the signiﬁcant markers
in order to deﬁne the ﬁnal markers considered as QTL and
estimate the percentage of phenotypic variance explained by the
QTL.
RESULTS
Trait Heritability and Variability
The broad sense heritability of the traits varied from 0.48
for PGR to 0.67 for HD (Table 1). All traits exhibited a
large variability within the progeny and showed transgressive
segregation compared to Kasbah and Medly (Table 1). As
expected, Medly and Ludac showed a higher vegetative growth
rate than Kasbah, both in the spring in the ﬁeld in Morocco
and in the autumn in the glasshouse in France. As expected,
Kasbah exhibited a much higher level of summer dormancy
than Medly and Ludac. Medly ﬂowered earlier than Kasbah
and Ludac. PGR and LERm in the progeny showed a
distribution not signiﬁcantly diﬀerent from a normal distribution
(p > 0.05) which was not the case for HD and summer
dormancy, which showed a higher number of individuals
with phenotypic values close to those of Medly (Figures 1
and 2). No signiﬁcant maternal eﬀect (p > 0.05) was found
for all traits except a slight eﬀect for summer dormancy
(p< 0.03).
Correlations between Traits
A signiﬁcant negative correlation (r = −0.62, p < 0.005)
was observed between PGR in spring and HD, both measured
in Morocco. This is consistent with the phenotypes of the
parents, with Kasbah showing a lower PGR and a later
TABLE 1 | Basic statistics and broad-sense heritability (H2) for plant growth rate (PGR), heading date (HD), summer dormancy (Dorm), and maximum leaf
elongation rate (LERm) on the genotype means of the progeny, the parents (Kasbah summer dormant and Medly summer active) and a temperate
genotype from the Ludac variety.
Traits Kasbah Medly Ludac Mean ± SEM∗ Range H2
PGR (mm◦C−1d−1) 0.41 0.57 0.64 0.62 ± ( 0.01) 0.28−1.05 0.48
HD (days) 83 76 88 75 ± 0.47 62−92 0.67
Dorm (%) 87 38 10 47 ± 1.6 6−94 0.56
LERm (mm◦C−1d−1) 1.10 1.45 1.49 1.46 ± ( 0.10) 0.85−2.28 0.61
*Standart error of the mean.
FIGURE 1 | Distribution of heading date (HD) for the offspring between two Dactylis glomerata L. individuals from the summer dormant cultivar
Kasbah and the summer active cultivar Medly. Ludac is indicated as a control for a temperate individual.
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FIGURE 2 | Distribution of summer dormancy for the offspring between two D. glomerata L. individuals from the summer dormant cultivar Kasbah
and the summer active cultivar Medly. Ludac is indicated as a control for a temperate individual.
FIGURE 3 | Relationship between plant growth rate (PGR), maximum leaf elongation rate (LERm) and summer dormancy (Dorm) within the progeny
between two individuals from the summer dormant cultivar Kasbah and the summer active cultivar Medly. Interesting individuals for breeding purpose
with a high level of summer dormancy and a high vegetative growth rate are indicated.
HD than Medly. PGR in spring in Morocco was positively
correlated (r = 0.18, p < 0.05) with LERm in autumn in
France. Summer dormancy showed a negative correlation with
both PGR in spring in Morocco (r = −0.34, p < 0.005)
and LERm in autumn in France (r = −0.27, p < 0.005).
Nevertheless, interesting genotypes with a high level of summer
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TABLE 2 | Number of mapped markers and linkage group (LG) size for both parents of the progeny (Kasbah and Medly).
LG1 LG2 LG3 LG4 LG5 LG6 LG7 Total
Kasbah parent
Number of markers 2 38 32 16 29 26 4 147
Linkage group size (cM) 0.03 87 30 44 89 94 33 377
Medly parent
Number of markers 34 20 28 40 33 29 26 210
Linkage group size (cM) 66 38 68 82 34 70 65 423
TABLE 3 | Quantitative trait loci (QTL) identification and effects for plant growth rate (PGR in mm◦C−1d−1), heading date (HD in days), summer dormancy
(Dorm in %), and maximum leaf elongation rate (LERm in mm◦C−1d−1) on both parents (M: Medly and K: Kasbah).
Trait Parent Marker LG Position (cM) Partial R2 R2 tot Allelic effect∗
PGR M Dg_Contig2685_a LG5 18 0.04 −0.08
M X162073 LG6 67 0.09 0.13 −0.11
Dorm K Dg_Contig5407-d LG5 54 0.07 12.3
K X163350 LG6 33 0.06 0.13 −10.8
Dorm M ATTCAG104 LG4 32 0.07 9.7
M AGACGC261 LG5 34 0.05 0.12 11.5
HD K X157455 LG2 61 0.11 −4.2
K X162843 LG6 67 0.03 0.14 −3.5
HD M X163901 LG2 28 0.19 4.9
M X163752 LG4 37 0.03 −4.1
M X161295 LG5 15 0.01 3.4
M Dg_Contig4930_a LG6 59 0.08 0.31 −3.3
LERm K ATCCCT111 LG2 32 0.07 −0.12
K X163638mp LG4 22 0.04 −0.11
K X160972mp LG6 59 0.04 0.15 −0.12
LERm M Dg_Contig7660-f LG4 45 0.09 0.18
M X161579mp LG5 8 0.08 0.11
M ACGCTC227 LG6 51 0.08 0.25 −0.12
*Effect of the presence of the allele.
dormancy and a high level of vegetative growth rate in
both spring and autumn could be identiﬁed in the progeny
(Figure 3).
QTL Identification
One genetic map for each parent was built (Supplementary
Figures S1–S14). The total length of the maps were 377 and
423 cM for Kasbah and Medly, respectively. The average distance
between markers were 2.6 and 2 cM for Kasbah and Medly,
respectively, but the coverage was uneven between LGs (Table 2).
In particular, the LGs 1 and 7 of Kasbah included only two and
four markers, respectively.
The position and eﬀects of the QTL for both parents are
presented in Table 3 and Figures 4 and 5. For all traits except
summer dormancy, the percentage of variance explained by the
QTL was larger for Medly than for Kasbah. It reached 31% for
HD on Medly with one major QTL on LG2. No signiﬁcant QTL
was detected for PGR on Kasbah. QTL for summer dormancy
were detected in Kasbah, the summer dormant parent but also
in Medly, the summer active parent and a common QTL was
identiﬁed on LG5 in both parents. In Medly, this QTL co-
localized with QTL for PGR, LERm, and HD. In Kasbah, the QTL
for summer dormancy on LG6 co-localized with a QTL for LERm
and HD.
DISCUSSION
The oﬀspring obtained by crossing a summer dormant genotype
from the Kasbah variety and a summer active genotype from the
Medly variety exhibited a large quantitative variation for summer
dormancy scored as the percentage of aerial senescence under
summer irrigation. This result reveals that summer dormancy
was not ﬁxed in the Kasbah parent and that this trait is
not controlled by one locus only but by several loci. This is
in agreement with the gradual range of summer dormancy
observed on Moroccan or Sicilian cocksfoot ecotypes (Shaimi
et al., 2009a; Copani et al., 2012). Summer dormancy in the
oﬀspring showed transgressive segregation indicating that alleles
conferring summer dormancy should be present in Medly, the
summer active parent and that alleles conferring summer activity
should be present in Kasbah, the summer dormant parent.
A transgressive segregation has also been observed in a F1
population of tall fescue between a summer active and a summer
dormant parent (Malay et al., 2011). The observed graduation
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FIGURE 4 | Location of the QTL on linkage groups (LG) two and four for PGR in green (PGR in mm◦C−1d−1), HD in orange (HD in days), summer
dormancy in red (Dorm in %) and maximum leaf elongation rate in blue (LERm in mm◦C−1d−1). The QTL identified on each parent (Medly and Kasbah) are
presented on the map of each parent separately and on a consensus map. The length of the line showing QTL location covers all significant markers (p < 0.01) and
the markers retained by the stepwise regression are colored. The names of SSR markers start with DG_contig or BD. The names of DArT markers start with X. The
names of AFLP markers consist of the three selective bases of the EcoRI primer followed by the three selective bases of the MseI primer followed by the size of the
scored band, e.g., ATTCAG082.
of summer dormancy opens up opportunities to create varieties
with diﬀerent levels of summer dormancy which could be chosen
depending on the targeted environment.
Plant growth rate in spring in Morocco and LERm in autumn
in France were higher for Medly (summer active Mediterranean
variety) than for Kasbah (summer dormant Mediterranean
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FIGURE 5 | Location of the QTL on LGs five and six for plant growth rate in green (PGR in mm◦C−1d−1), HD in orange (HD in days), summer
dormancy in red (Dorm in %) and maximum leaf elongation rate in blue (LERm in mm◦C−1d−1). The QTL identified on each parent (Medly and Kasbah) are
presented on the map of each parent separately and on a consensus map. The length of the line showing QTL location covers all significant markers (p < 0.01) and
the markers retained by the stepwise regression are colored. The names of SSR markers start with DG_contig or BD. The names of DArT markers start with X. The
names of AFLP markers consist of the three selective bases of the EcoRI primer followed by the three selective bases of the MseI primer followed by the size of the
scored band, e.g., ATTCAG082.
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variety) and higher for Ludac (summer active temperate variety)
than for Medly. Such a classiﬁcation has been observed for dry
matter yield on sward in Morocco for the two ﬁrst years of
harvest (Shaimi et al., 2009a). In this study, in the third year, the
summer dormant variety showed a higher yield than the others
due to their lack of persistency under severe droughts. Similar
results have been obtained in southern Australia (Norton, 2014).
Some oﬀspring had a higher PGR and LERm than the temperate
cultivar (Ludac), suggesting interesting productivity potential for
forage production.
A negative correlation was observed between summer
dormancy and both PGR in spring in Morocco and LERm in
autumn in France. This negative correlation between summer
dormancy and traits related to vegetative productivity has
already been observed on a set of cocksfoot ecotypes (Shaimi
et al., 2009a). Nevertheless the negative correlation observed
in the present study was moderate and some genotypes with
a high level of summer dormancy and a good level of PGR
or LERm were observed. This result, observed after only one
crossing generation, showed that the correlation among natural
populations may be ascribed to an environmental adaptation
of traits rather than a genetic control of the traits by the same
genes or tightly linked genes. These results conﬁrm previous
preliminary observations on mini-sward sown with progenies
from polycrosses between six plants of the two Kasbah and
Medly varieties which had intermediate biomass production
and a greater range of summer dormancy than their parents
(Shaimi et al., 2009a). If this pattern is consistent in subsequent
generations of crossing and in diﬀerent plant material, this opens
new opportunities to breed for summer dormant Mediterranean
varieties with a good level of annual forage productivity by
crossing temperate elite material with highly drought adapted
summer dormant ecotypes. A similar strategy has been proposed
by Hopkins and Bhamidimarri (2009) who noted barriers to
fertility for tall fescue and cocksfoot. In the case of cocksfoot,
we did not observe these barriers, which could be due to the
fact that both summer active and summer dormant parents were
tetraploid material.
Two genetic maps were built with a total of 325 markers.
The sizes of the maps were 377 and 423 cM for the Kasbah
parent and the Medly parent, respectively. These sizes were
relatively small compared to those of Song et al. (2011): 562
and 745 cM or those of Xie et al. (2012a): 947 and 1038 cM.
A part of the explanation could originate from the use of the
“simulated annealing ordering” option of TetraploidMap which
has a tendency to shrink the LG length. Moreover, this lack of
coverage could be due to a segregation distortion and/or to a lack
of polymorphic markers. In the future, the number of markers
could be greatly increased by using genotyping by sequencing
(GBS; Elshire et al., 2011) in addition to some codominant
markers with several alleles as SSR. Another advantage of GBS
markers besides their low cost is the possibility to estimate
the allele dosage in polyploidy species (Garcia et al., 2013)
and to take into account this dosage in map construction and
QTL detection (Hackett et al., 2013, 2014). Nevertheless, all
homologous chromosomes for all LGs were well-represented
with the exception of LG1 and 7 for the Kasbah parent.
Our study is the ﬁrst to propose QTL identiﬁcation for
summer dormancy in cocksfoot and is the second study on
QTL identiﬁcation in this complex auto-tetraploid species (Xie
et al., 2012a). QTL identiﬁcation in both parents revealed that at
least three diﬀerent genomic regions were involved in summer
dormancy variation (LG 4, 5, and 6). The QTL on LG4 was found
only in the parent Medly and the QTL on LG6 was found only in
the parent Kasbah. This result shows that diﬀerent genes in both
parents explain the variation of summer dormancy observed in
the oﬀspring. The QTL on LG5 was found in both parents and
the locations on the consensus map suggest that this QTL should
be the same in both parents. It would be interesting to increase
the accuracy of the map in this region in order to identify the
gene under this common QTL.
Some genomic regions were speciﬁcally involved in either
dormancy or PGR or LERm. This explains why dormancy and
growth were not highly correlated. Conversely, some co-locations
were identiﬁed between summer dormancy and PGR or LERm,
which could contribute to the negative correlation between
these traits. For each of these regions, ﬁne mapping should be
performed in order to analyze further whether one gene with
pleiotropic eﬀects or several linked genes are involved in the
variation of the traits. For these regions, if several genes are
involved, it would also be interesting for a breeding purpose to
identify the phase, i.e., coupling versus repulsion, between alleles
for summer dormancy and productivity traits.
Heading date QTL were identiﬁed on LG2 and 6 for both
parents and on LG4 and 5 for the parent Medly. The QTL on
LG2 was the major one for both parents explaining 11 and 19%
of the phenotypic variance for the Kasbah and Medly parents,
respectively. The locations of this QTL for both parents on
the consensus map show that it should be the same QTL for
both parents. In a former study (Xie et al., 2012a) on a “F1
population” between a very late heading D. glomerata subsp.
himalayensis parent and an early to mid-heading D. glomerata
subsp. aschersoniana parent, HD QTL have been identiﬁed on
LG2 and 6 for both parents and LG 5 for the himalayensis parent.
On LG2 the QTL were close to the markers Contig_10797 and
Contig_3498 in both studies. On LG6 the QTL were close to
the marker Contig_10184 in both studies. On LG5 the QTL
were close to the markers Contig_8712 and Contig_5242 in both
studies. This coincidence suggests that a few major genes explain
variation for HD in Dactylis sp. HD QTL have been identiﬁed
on all the seven LGs in perennial ryegrass (Lolium perenne L.;
Shinozuka et al., 2012). Fine mapping and synteny could be used
to identify candidate genes underpinning QTL.
CONCLUSION
The use of summer dormancy in forage perennial grasses to
improve their survival under severe drought has been previously
considered (Lelievre et al., 2008; Clark and Harris, 2009;
Culvenor, 2009; Hopkins and Bhamidimarri, 2009). Nevertheless
summer dormancy has often been reported as negatively
correlated to annual forage production (Shaimi et al., 2009a). The
present study demonstrates that at least a part of this negative
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correlation could be broken by crossing summer dormant with
summer active and highly productive genotypes. A ﬁrst genetic
dissection of these traits shows that more than one locus was
involved in summer dormancy variability and that limited co-
locations between QTL for summer dormancy and production
traits exist. These results open the way for breeding strategies
involving diﬀerent genetic resources adapted to Mediterranean
climates crossed with elite temperate plant materials in order
to create pre-breeding pools. Molecular markers will be helpful
to construct new productive Mediterranean varieties. Drought
resilience of perennial forage species combined to high biomass
productivity remains a breeding priority for grass species used in
animal farming systems in rain-fed areas under climate change.
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